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Abstract 
This paper presents the results of careful considerations on the surface facilities at one of the most promising CCS (Carbon 
dioxide Capture and Storage) candidate sites in Japan in regards to process, economy and energy consumption. This site has been 
selected to demonstrate the feasibility of CCS total system in which CO2 is captured from natural gas processing plants, 
transported to the injection site (100km away from the plants), and then stored in the saline aquifers underneath the seabed of the 
Japan Sea. Four technical issues have been reviewed for the surface facilities, namely CO2 transportation, removal of impurities 
in the CO2 gas, the liquefied CO2 heater models and the shaft seal system for CO2 pumps. 
As for the CO2 transportation method, tanker trucks transportation is selected compared to pipelines because of the merits in a 
construction period, economy, and local citizen's understanding and acceptance which are crucial for the realization of the project.  
Concerning process building, removal of impurities contained in the CO2 gas has been considered first. CO2 gas separated from 
natural gas contains hydrogen sulfide, mercury, and BTX in addition to water. These impurities must be eliminated prior to 
liquefaction of CO2 because they could interfere with the process as well as for environmental considerations. The adsorption 
method is found to be effective for removing all these impurities. However, it is also found that adsorbent consumption rate 
depends largely on the process sequence with which the impurities are eliminated. After reviewing the results, it is found that the 
most economical sequence to eliminate these impurities is in the order of mercury, hydrogen sulfide, BTX, then water. 
Liquefied CO2 heater models have been considered to reduce CO2 emission. After transportation to the injection site, the 
liquefied CO2 is pressurized and heated from -10°C to a super critical state of 40°C in order to avoid phase transition inside the 
injection tube. Using a heat pump to utilize the heat in the air to improve the energy efficiency, CO2 emission is substantially 
reduced by approximately 70% compared to the conventional method using hot water from a boiler that uses heavy fuel oil. 
A centrifugal pump will be selected for CO2 pumps because it can handle large volumes. An effective shaft seal system is the 
tandem formation using vapor-liquid seal and dry gas seal for the first and the second stages respectively. However, since we 
have limited experience of this formation at CO2 pumps in Japan, it is identified as a critical item in the demonstration project. 
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1. Introduction  
There will be twenty large-scale demonstration projects for Carbon dioxide Capture and Storage (CCS) across the 
world by 2010. This is one of the goals that the attending nations agreed to in the G8 Hokkaido Toyako Summit of 
July, 2008. JAPAN CCS Co., Ltd. (JCCS) which is a consortium of major private sector companies operating in 
electric power, petroleum refinery, petroleum development, and other fields (37 companies as of July, 2010), was 
established in May of 2008 prior to the Toyako Summit as the "All Japan Team" to meet the challenges of 
promoting CCS technologies in Japan. 
Operating as a subsidized enterprise of the Ministry of Economy, Trade and Industry (METI), JCCS has been 
making elaborate investigations to select the most promising sites for realization of large-scale CCS demonstrations 
in Japan. Using various models as benchmarks, JCCS has executed engineering studies, geological studies, marine 
environment studies, and CO2 leakage risk evaluation and has also reviewed potential economic benefits that could 
come from the demonstration projects. 
This paper presents the results of careful considerations on the surface facilities at one of the most promising 
candidate sites in regards to process, economy and energy consumption. This site has been selected to demonstrate 
the feasibility of CCS total system in which CO2 is captured from natural gas processing plants, transported to the 
injection site, and stored in the saline aquifers underneath the seabed of the Japan Sea. 
Firstly, we review the transporting method of the captured CO2 100 km from the source to the injection well on 
the shore. 
Subsequently, the following two points have been considered for building the process for the facilities: 
The first point is to set the benchmarks of principal technologies for implementing a large-scale CCS (around 1 
million tonnes of CO2/year). More specifically, the facilities should be designed for the demonstration and 
verification of the effectiveness of both process technologies (processing impurities, liquefaction, etc.) and 
mechanical technologies (compressors, injection pumps, etc.) from the view point of scaling-up from the 
demonstration to the commercial plants. 
The second point is that the CO2 emission from the operation of the facilities has to be reduced as much as 
possible by means of energy saving in line with the CCS principal objective. 
Accordingly, this paper describes the following four main technical issues in the surface facilities for the 
candidate CCS demonstration project.  
(1) CO2 transportation method 
(2) Removal of impurities in the CO2 gas  
(3) Liquefied CO2 heater models  
(4) Shaft seal system for CO2 pumps 
2. CO2 transportation method  
For this study, CO2 storage rate has been set at 100,000 tonnes/year based on the CO2 capture rate in the existing 
facilities. Operation period of the surface facilities is assumed to be around five years. Two methods have been 
compared for transporting the captured CO2 100 km from the source to the injection well on the shore along the 
Japan Sea. One uses tanker trucks to transport the liquefied CO2. The other uses a pipeline to carry the CO2 gas.  
Figs.1 and 2 show CO2 flows of each transportation method. Two contiguous natural gas processing plants are 
assumed as CO2 sources for transportation and supply 50,000 tonnes/year of CO2 respectively (100,000 tonnes/year 
of CO2 in total). Table 1 summarizes the evaluation result of each method.  
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Fig.1  Block Flow (Tanker truck method)                                              Fig.2  Block Flow (Pipeline method) 
 
Table 1  Evaluation result in two transportation methods 
 Evaluation Item Tanker truck Pipeline 
2.1 Construction period 3 years More than 5 years
2.2 Local citizen’s 
consent 
Moderate Difficult 
2.3 Construction cost*1) 129 MMUS$ 341 MMUS$ 
2.4 Running cost*1) 19.6 MMUS$/year 15.6 MMUS$/year
2.5 Energy consumption   
 2.5.1 Electricity 2,910 kWe 2,850 kWe 
 2.5.2 Fuel 752 kWth 20 kWth 
 2.5.3 Total (converted to 
CO2 emission) *2) 
11,703 tonnes/year 10,061 tonnes/year
 
The following are detailed explanation for each evaluation item in Table 1. 
2.1 Construction period 
The tanker truck method requires about 3 years, which is the same as construction period of usual chemical 
plants, whereas the pipeline method requires more than 5 years because environmental impact assessment will be 
conducted and also public acceptance from the local residents will be needed prior to the pipeline installation.  
2.2 Local citizen’s consent 
The tanker truck method increases the traffic around the natural gas processing plants, but it will be easily 
accepted among local residents because products from the plants like gas-condensate have already been 
transported with tanker trucks. On the other hand, because pipeline transportation of CO2 has no track record in 
Japan, it remains uncertain whether pipeline method will be accepted among them.  
2.3 Construction cost 
In case of the pipeline method, the cost of pipeline installation is extremely high(as much as around 
2.4MMUS$/km) because the pipeline has to pass the highly populated area with heavy traffic. This reveals that 
total construction cost in the pipeline method is nearly three times as much as that in the tanker truck method.  
2.4 Running cost 
The tanker truck method has to consider the costs, such as truck depreciation cost, staff cost and expressway 
tollage in addition to plant operation cost. Therefore, running cost in the tanker truck method is slightly higher 
than that in the pipeline method. But this difference is insignificant compared to the construction cost because 
operation period is as short as around five years. 
2.5 Energy consumption 
The tanker truck method consumes more energy than the pipeline method because truck transportation requires 
light oil as auto fuel, while electricity consumptions in the facilities of both cases are almost same. Consequently, 
the tanker truck method emits around 20% more CO2 than the pipeline method.  
Notes: 
*1) Cost in US$ converted from JPY assuming 
85JPY/US$ 
*2) CO2 emission is calculated under the following 
conditions: 
a. Operating time is 330 days for a year. 
b. Emission Coefficients for Light oil, Heavy 
fuel oil and Electricity are taken as 0.0686 
tonnes-CO2/GJ, 0.0693 tonnes-CO2/GJ and 
0.444 kg- CO2/kWh, respectively [1,2]. 
Abbreviations: 
- MM = 1 x 106 
- kWe = kilowatt electrical 
- kWth = kilowatt thermal 
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2.6 Evaluation result 
From the result of comparison described above, the tanker truck method is superior to the pipeline method 
except for the energy consumption. 
3. Removal of impurities in CO2 gas  
Concerning principal technologies, removal of impurities contained in the CO2 gas has been considered first. The 
CO2 gas separated from natural gas contains impurities, such as hydrogen sulfide (H2S), mercury (Hg), and BTX 
(Benzene, Toluene, and Xylene) in addition to water (H2O). Table 2 shows the typical CO2 gas composition from 
the natural gas processing plants. 
Table 2  CO2 gas composition (H2O: Saturated) 
 CO2 CH4 C2H6 C3+ Benzene Toluene Xylene H2S Hg 
Vol% (dry-basis) 99.45 0.17 0.02 0.01 0.24 0.09 0.02 0.003 600 g/Nm3
 
These impurities must be eliminated prior to liquefaction of CO2 because they could interfere with the process as 
well as for environmental considerations. Residual concentrations of each impurity after elimination process are set 
to be lower than 1.0 vol ppm, except mercury lower than 0.01 g/Nm3. 
3.1 Removal method  
There are several methods in the impurity removal such as the absorption method, the adsorption method and 
the cryogenic separation method. The adsorption method is found to be the most effective for removing all these 
impurities in these facilities. In regard to BTX removal, other methods are not adopted for the following reasons: 
a) Catalytic combustion method 
BTX is combusted at temperatures of 250 to 300°C on the catalyst with supplied air. Combustion flue gas 
consists of around 90% CO2 and 10% N2 on the dry basis. It is possible to separate N2 from CO2 in the process 
of CO2 liquefaction. However, we should obtain liquid CO2 at a concentration above 99%, which meets the 
Japanese CCS-related law, named ‘Act for the Prevention of Marine Pollution and Maritime Disasters’. This is 
the applicable law for the CO2 storage underneath the seabed in Japan. To observe this law, the catalytic 
combustion method has turned out unsuitable because the CO2 recovery ratio is at most 70% since separation 
temperature should be set above -30°C to keep liquefied CO2 concentration above 99%.  
b) Cryogenic separation method 
In this method, liquefied BTX is recovered prior to CO2 liquefaction with gradual cooling. BTX recovery 
temperature is preferably set at as low temperature as possible, but should be kept at a higher temperature than 
BTX freezing point. Around 15% of total BTX is recovered under the operation pressure (2.4MPaA) at 17°C, 
which is higher than p-xylene freezing point (13°C, the highest freezing point in BTX). Around 40% can be 
recovered under the same pressure at 10°C, but careful investigation against p-xylene crystallization is 
especially required. 
It is difficult to remove BTX down to residual concentrations as low as 1.0 vol ppm(,which means BTX 
recovery rate should be over 99%) even at 10°C, but we can reduce the load on adsorbent by using the 
cryogenic separation method prior to the adsorption method.  
3.2 Adsorbent types and the order of processing 
The adsorbent types and the order to remove impurities are determined as follows: 
An activated carbon is generally used for solvent recovery or flue-gas treatment in chemical plants. It has a 
wide range of pore sizes and a hydrophobic character on its surface. Therefore, it adsorbs BTX, Hg and H2S 
except water. Basically, we will equip the regeneration system for each impurity-removal facilities so as to reduce 
the consumption of the adsorbents. However, Hg and H2S require special treatments prior to disposal if obtained 
separately. Besides, there are much less Hg and H2S contained in the CO2 gas than the other impurities 
(approximately, Hg: 0.1 kg/day, H2S: 10 kg/day, whereas BTX 2.0 tonnes/day, Water 0.3 tonnes/day). Therefore, 
we have searched for the adsorbent to remove Hg and H2S separately for single use prior to BTX removal. 
A special activated carbon which is treated to adjust pore sizes and retain sulfur in the pore is found out to 
remove Hg separately. As a result, Hg is removed at the first step with this special activated carbon. 
the CO2 gas 
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Fig.3  Process flow diagram in purification facilities 
As for the H2S removal, an adsorbent composed of CuO and ZnO is effective even under atmospheric 
temperature. However, water is generated in the reaction of H2S and the adsorbent as the following formula: 
CuO (ZnO) + H2S  CuS (ZnS) + H2O (1) 
Therefore, it will be desirable that H2S is removed prior to water removal. 
A molecular sieve has a relatively uniform pore size and it absorbs molecules under the effective pore size. 
Water is of the smallest size among all the impurities in the CO2 gas and can be adsorbed separately with a 
molecular sieve. Actually, a molecular sieve for water removal is commercially used in the chemical plant. 
For the reasons described above, the applicable types of adsorbents and these orders are determined as shown 
in Table 3. Fig.3 shows the Process flow diagram in the purification facilities. 
Table 3  Most preferable order of impurity removal and type of adsorbent  
Order 1 2 3 4 
Impurity removed Hg H2S BTX H2O 
Type of Adsorbent Special treated 
activated carbon 
CuO/ZnO Activated carbon Molecular Sieve  
(for drier) 
 
The Hg and H2S adsorbents are utilized 
for single-use, while the BTX and water 
adsorbents have their own regeneration 
systems. 
The BTX-free, dried CO2 is used to 
regenerate BTX and water adsorbent under 
the condition of 1.0 MPaA and 220°C. 
This regeneration condition for the BTX 
adsorbent has a lot of experiences with H2 
in the petrochemical plants. But there are 
few experiences of the regeneration with 
CO2, some laboratory tests are required to 
determine the most adequate CO2 gas rate 
for regeneration.  
The CO2 gas used for regeneration 
returns to the inlet of the CO2 compressor. 
In this way, BTX and water are recovered 
through the CO2-gas purification facilities.  
4. Liquefied CO2 heater models  
Liquefied CO2 heater models have been considered for reducing CO2 emission. After transportation to the 
injection location, the liquefied CO2 is pressurized and heated from -10°C to a super critical state of 40°C in order to 
avoid phase transition inside the injection tube. Two heater models have been compared in this section. One is a hot-
water boiler, used at the pilot CO2 injection facilities in Nagaoka, Japan (2003-2004). The other is a heat pump to 
utilize the heat in the air to improve the energy efficiency. Table 4 lists the heated CO2 conditions.  
Table 4  Heated CO2 conditions 
Items  Remarks 
Inlet temperature -10 °C  
Outlet temperature 40 °C  
Pressure 14.0 MPaA  
Flow rate 14.0 tonnes/h 100,000 tonnes/year x 10% margin 
Heat flow 443 kWth  
CO2 Compressor De-Hg Drum              De-H2S Drum              
BTX
Heater
Water Water
To Liquefaction
facilities
De-BTX 
Drum              
De-H2O 
Drum              
35
35
17
17
1.0
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[MPaA]
: Temperature 
[C]
2.2
2.4
0.9
2.6
Cryogenic
Unit for
BTX removal
From 
Booster
facilities
19
Regeneration 
line
5590 S. Motohashi et al. / Energy Procedia 4 (2011) 5586–5593
6 S. Motohashi et al. / Energy Procedia 00 (2010) 000–000 
Fig.4 shows the process flow in a heat pump. This heat pump uses the heat medium R134a, one of alternatives for 
chlorofluorocarbon. Fig.5 shows the P-h diagram of R134a. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4  Heat pump flow 
 
 
                                                                                                      Fig.5  P-h diagram of heat medium R134a [3] 
 
The points A, B, C and D shown in Fig.4 correspond to those (A, B, C and D) in Fig.5, respectively. We have 
determined the evaporation temperature and condensation temperature of the heat medium in the following way. We 
set the evaporation temperature (at point A) to -10°C considering the lowest ambient temperature is 0°C. We set the 
condensing temperature to 45°C (at point C) considering heating temperature of CO2 is 40°C.  
Table 5 lists the heat pump performance determined from Fig.5 (P-h diagram). This table shows the performance 
not only in the design case but also in the normal case which is defined according to the ambient temperature (0°C 
(lowest) in the design case whereas 16°C (average) in the normal case). 
Table 5  Heat pump performance 
Items Design case Normal case Remarks 
Heat medium R134a  
Heat duty 443 kWth  
Ambient temperature 0°C 16°C  
Heat medium evaporation temperature -10°C 6°C  
Heat medium evaporation pressure 0.2 MPaA 0.36 MPaA  
Heat medium condensation temperature 45°C 45°C  
Heat medium condensation pressure 1.2 MPaA 1.2 MPaA  
Total work(Compressor + Air Fin Evaporator) 134 kWe 99 kWe  
Coefficient of Performance (as heater) (COPh) 3.30 4.48  
 
As listed in the above table, COPhs are 3.30 and 4.48 in the design and the normal case, respectively. Table 6 
shows the energy consumption and the corresponding CO2 emission of both hot-water boiler and heat pump in the 
normal case.  
Table 6  Energy consumption and CO2 emission in the normal case 
 Hot-water boiler case Heat pump case Remarks 
Energy consumption  554 kWth*1) 99 kWe *1) Assumed boiler efficiency=80%  
CO2 emission*2) 1,100 tonnes/year 350 tonnes/year *2) CO2 emission is calculated under the same 
conditions as Table 1 
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Fig.6  Process flow diagram in injection facilities 
As shown in Table 6, using a heat pump, CO2 emission can be substantially reduced by approximately 70% (750 
tonnes/year) compared to the conventional method using hot water from a boiler that uses heavy fuel oil. 
We also conducted economical evaluation of both systems and have found out that a heat pump system requires 
US$ 0.47 million higher equipment cost, but US$ 0.15 million lower annual running cost. Hence, adopting a heat 
pump system, we can recover the increase of equipment cost over that of a hot-water boiler system in a few years.  
5. Sealing type for the injection pump  
The booster pump and the injection 
pump in series (CO2 pumps) pressurize 
liquid CO2 from the storage pressure to 
the required injection pressure. Fig.6 
shows the process flow diagram in the 
injection facilities. Table 7 shows the 
specifications of each pump. A centrifugal 
pump will be selected for both the booster 
and injection pumps because it can handle 
large volumes.  
 
 
 
 
 
 
 
 
Table 7  Pump Specifications 
Equipment Name Flow rate Specific gravity Inlet Temp. Inlet Press. Outlet Press. Rated Power
Booster Pump 14.0 tonnes/h 1.030 -18°C 2.1 MPaA 5.8 MPaA 55 kWe 
Injection Pump 14.0 tonnes/h 0.769 19°C 5.7 MPaA 14.0 MPaA 90 kWe 
 
Each pump can use either the liquid-lubrication seal or the dry-gas seal for its seal system. The liquid-lubrication 
seal requires the flushing oil from outside because liquid CO2 is lack of lubricity. The supplied flushing oil is as low 
as its concentration in CO2 fluid is in ppm order. However, we have chosen the dry-gas seal because the CCS 
facilities are aimed at environmental measures, which are not supposed to allow the extra substances to be added in 
the CO2 storage. 
A vapor-liquid seal, which is a type of the dry-gas seal, has turned out effective. This seal is applied for the 
pumps where the process fluid is at or near its point of vaporization. Fig. 7 shows its seal mechanism [4]. The 
primary ring is attached to the casing (stationary section), whereas the mating ring to the shaft (rotating section). 
During the pump-stop period, the primary ring contacts the mating ring directly by the process fluid’s pressure. On 
the other hand, during the pump-running period, the primary ring floats on a minimal thin fluid film generated by 
the hydrodynamic grooves on the surface of the mating ring. Rotation of the mating ring creates a hydrodynamic 
effect which draws fluid towards the root of the grooves and forces the two faces apart to form the dynamic seal. As 
a result, this type of seal is economical because it requires no complex seal support system and the seal rings keep 
well without attrition because of the non-contact running.  
Each pump uses the tandem formation, the vapor-liquid seal at the first stage and the dry-gas seal at the second 
stage respectively. The first is the main seal and the second is the back-up seal. The former handles process pressure, 
whereas the latter normally handles vent pressure and it prevents process fluid at a relatively high pressure (above 
3MPaA) from sudden blowout in case of the main seal failure, which may injure operators in the plant.  
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Since we have limited experience of this formation at CO2 pumps in Japan, it is identified as a critical item in the 
demonstration project. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7  Vapor-liquid Seal Configuration [4] 
6. Conclusion  
This paper reviews the four main technical issues in the surface facilities for a candidate CCS demonstration 
project, where CO2 is captured from natural gas processing plants, transported to the injection site, and stored in the 
saline aquifers as follows:  
(1) CO2 transportation method 
The tanker truck method is superior to the pipeline method in terms of a construction period, economy, and 
local citizen's understanding and acceptance which are crucial for the realization of the project.  
(2) Removal of impurities in the CO2 gas 
The adsorption method is effective for removing impurities, namely Hg, H2S, BTX and H2O, and most 
economical sequence to eliminate these impurities is in the order of Hg, H2S, BTX, then H2O.  
(3) Liquefied CO2 heater models 
Using a heat pump, CO2 emission can be substantially reduced by approximately 70% compared to the 
conventional method using hot water from a boiler that uses heavy fuel oil.  
(4) Shaft seal system for CO2 pumps 
An effective seal system is the tandem formation of using vapor-liquid seal and dry gas seal for the first and 
the second stages respectively. However, since we have limited experience of this formation at CO2 pumps in 
Japan, it is identified as a critical item in the demonstration project.  
 
To strengthen our conclusions, the following are recommended to be additionally conducted in the near future: 
(a) Laboratory experiments for the BTX adsorbent to determine the CO2 gas rate for regeneration. 
(b) Pilot tests for the shaft seal system of CO2 pumps to confirm the validity of the tandem seal formation. 
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